Behavioral evidence has shown age-related impairments in overcoming proactive interference in memory, but it is unclear what underlies this deficit. Imaging studies in the young suggest overcoming interference may require several executive control processes supported by the ventrolateral prefrontal cortex (VLPFC) and dorsolateral PFC (DLPFC). The present functional magnetic resonance imaging (fMRI) study investigated whether agerelated changes in dissociable executive control processes underlie deficits in overcoming proactive interference in associative memory during retrieval. Participants were tasked with remembering which associate (face or scene) objects were paired with most recently during study, under conditions of high or low proactive interference. Behavioral results demonstrated that, as interference increased, memory performance decreased similarly across groups, with slight associative memory deficits in older adults. Imaging results demonstrated that, across groups, left mid-VLPFC showed increasing activity with increasing interference, though activity did not distinguish correct from incorrect associative memory responses, suggesting this region may not directly serve in successful resolution of proactive interference, per se. Under conditions of high interference, older adults showed reduced associative memory accuracy effects in the DLPFC and anterior PFC. These results suggest that agerelated PFC dysfunction may not be ubiquitous. Executive processes supported by ventral regions that detect mnemonic interference may be less affected than processes supported by dorsal and anterior regions that directly resolve interference.
Introduction
Behavioral evidence has suggested that older adults may be particularly impaired on memory tasks that require higher levels of recruitment of executive functions (Hasher and Zacks, 1979; Johnson et al., 1993) . Such tasks may include associative memory tasks in which participants must overcome proactive interference. Proactive interference is induced when previous, but no longer valid, information conflicts with current task goals. For example, difficulty remembering a friend's new email address may stem from a strong memory for their previous, but no longer valid, email address. Several studies have shown that older adults demonstrate larger susceptibility to proactive interference compared to young adults in both working memory and episodic memory tasks (Bowles and Salthouse, 2003; Jacoby et al., 2005; Jonides et al., 2000; see Lustig and Jantz, 2015 for review; Lustig et al., 2001; May et al., 1999) . The neurocognitive mechanisms underlying this increased susceptibility to proactive interference in older adults are largely unknown. We will investigate these processes in the current study.
Recent neuroimaging evidence suggests that the ventrolateral prefrontal cortex (VLPFC) (BAs 44, 45, and 47) (Jonides and Nee, 2006; Nee et al., 2007; Oztekin et al., 2009) , and more specifically, the left mid-VLPFC (BA 44/45) (Badre et al., 2005; Badre and Wagner, 2007) , is particularly involved in overcoming proactive interference. Further, both lesion (Thompson-Schill et al., 2002) and transcranial magnetic stimulation studies (TMS) (Feredoes et al., 2011) have demonstrated that disruption of the left VLPFC results in both increased errors and increased response times in response to proactive interference in working memory tasks. It has been suggested that left mid-VLPFC supports a process referred to as post-retrieval selection, which is thought to resolve competition between multiple active representations (Badre et al., 2005; Badre and Wagner, 2007) and is suggested to be critical to the successful resolution of proactive interference (see Badre and Wagner, 2007 for review) . That is, after information is retrieved, irrelevant/conflicting information must be suppressed and relevant information likely enhanced. As with the email example, when someone attempts to retrieve their friend's new email, he/she may retrieve both the old and new email addresses. To make a correct memory decision, the person must inhibit the no longer valid, but perhaps strongly encoded previous email address, and select the new, currently relevant email address. Behavioral evidence suggests that post-retrieval selection requires additional NeuroImage 132 (2016) [116] [117] [118] [119] [120] [121] [122] [123] [124] [125] [126] [127] [128] processing time, as correct responses to high interference trials are significantly slower than for low interference trials (Jonides and Nee, 2006) . One cause of older adults' associative memory impairments may be that they are less likely to engage this process, and thus may incorrectly select the more salient, but no longer valid, associate. It should be noted that left mid-VLPFC is recruited with increasing selection demands across a variety of tasks (see Badre, 2008; Nelson et al., 2009 for reviews), including lexical decision-making (Gold et al., 2006) and semantic interference tasks involving competition via schematically related items (e.g. rejecting the word SLEEP when presented with BED, PILLOW, TIRED, NIGHT) (Atkins and Reuter-Lorenz, 2011) . This suggests that it is engaged whenever resolution of conceptual (as opposed to motor) interference is necessary (Badre and Wagner, 2007) .
Although the left VLPFC is repeatedly implicated in tasks involving proactive and semantic interference, recent research has called into question whether the left VLPFC is directly involved in this selection process, in which competition in memory is successfully resolved (Atkins and Reuter-Lorenz, 2011; Han et al., 2012; Oztekin et al., 2009) . That is, while this region has been repeatedly implicated in detecting mnemonic interference, many of these studies have only analyzed correct response trials, and thus have not investigated whether this region directly supports correct resolution of interference. Alternatively, the left VLPFC may be sensitive to mnemonic interference but may not support accuracy, per se. To our knowledge, only two previous working memory functional magnetic resonance imaging (fMRI) studies have looked at this issue (Atkins and Reuter-Lorenz, 2011; Oztekin et al., 2009) . In both studies, the left VLPFC showed greater activity for high interference compared to low interference trials, but did not dissociate successful from unsuccessful responses. Thus, while the left VLPFC may play a role in detection of and attempts to resolve interference between competing mnemonic representations, it may not directly contribute to successful interference resolution.
While the left VLPFC did not distinguish successful vs. unsuccessful resolution of interference, both studies showed evidence of other regions that did, including the dorsolateral prefrontal cortex (DLPFC) (Atkins and Reuter-Lorenz, 2011 ). In many episodic memory studies, the DLPFC has been implicated in a process referred to as post-retrieval monitoring (Achim and Lepage, 2005; Donaldson et al., 2010; Dulas and Duarte, 2012; Henson et al., 1999b; Ranganath et al., 2007; Turner et al., 2008) . Post-retrieval monitoring refers to the evaluation and manipulation of the products of retrieval (Henson et al., 1999b) . Previous evidence has shown that post-retrieval monitoring effects are greater when one is near his/her decision criterion (Henson et al., 2000) . If demands on post-retrieval monitoring are greater when one is near his/ her decision criterion, it is conceivable that the DLPFC may be sensitive to memory accuracy under conditions of high interference. Another related view of the DLPFC is that it contributes to post-retrieval decisionmaking, in that activity increases with the number of decisions that need to be made after a retrieval attempt (Dobbins and Han, 2006; Han et al., 2009) . Under this view, correct high interference responses also may require more internal decisions (e.g. "Did I see both of these items previously? Which item was most recent?" etc.) than an incorrect response, wherein the more salient but no longer valid associate is selected.
The frontal aging hypothesis suggests that aging leads to disproportionate alterations in PFC-mediated executive control processes (West, 1996) . There has been little research, however, investigating the effects of age on separable components of executive control. As stated previously, behavioral evidence has consistently demonstrated that older adults show deficits on episodic memory tasks involving proactive interference (Jacoby et al., 2005) , as well as semantic interference (Koutstaal and Schacter, 1997; Norman and Schacter, 1997) . Some fMRI evidence suggests that older adults show reduced left VLPFC recruitment during relational memory encoding (Addis et al., 2014) and reduced sensitivity to proactive interference in working memory (Jonides et al., 2000) . Furthermore, several imaging studies investigating the effects of age on postretrieval monitoring suggest that older adults under-recruit this process and show reduced DLPFC activity during episodic retrieval (Dulas and Duarte, 2012; Fandakova et al., 2013; Friedman, 2000) . To our knowledge however, no previous studies have attempted to disambiguate the effects of age on separable executive control processes in associative memory under conditions of proactive interference. Thus, the extent to which age-related dysfunction in VLPFC and DLPFC operations contributes to older adults' susceptibility to proactive interference is unknown.
The present study investigated the effects of age on PFC-mediated executive control processes during associative memory retrieval under variable levels of proactive interference. During study, participants were shown objects paired with either a face or a scene. Each object was seen multiple times and the paired associate changed across viewings. There were two encoding conditions: High Interference and Low Interference. Interference level depended on how often an object was seen with the critical (most recent) associate vs. the lure. At test, participants were then shown each object again, as well as novel objects not seen previously. For each object, they were asked if it was old (seen previously) or new (not seen previously). They were then presented with a face and scene, and asked to determine which was most recently paired with the object.
We predicted the following:
1. Behaviorally, associative memory accuracy would be poorer for high interference compared to low interference across age groups, while item memory accuracy would not be affected by interference. Agerelated associative memory accuracy deficits may be disproportionately evident for the high interference condition, in which demands on strategic retrieval processes are high.
2. We predicted that we would observe greater activity in the left mid-VLPFC for high interference than for low interference. However, we predicted this region would not distinguish between correct and incorrect associative memory judgments for high interference trials. This would be consistent with the suggestion that this region does not directly resolve proactive interference in service of associative memory performance. 3. We predicted that activity in the DLPFC would be greater for correct than incorrect associative memory trials under conditions of high interference. This would be consistent with the idea that this region supports post-retrieval monitoring processes or the number of post-retrieval decisions made. 4. While fMRI studies have demonstrated age-related alterations in VLPFC and DLPFC processes during associative memory tasks, no study has examined the differential effects of age on these processes. The present study was designed to disentangle the roles of agerelated changes in these regions/processes in the detection and resolution of proactive interference in service of successful associative memory accuracy.
Materials and methods

Participants
22 young adults, ages 19-35, as well as 22 older adults, ages 60-80, were recruited from local universities, science and health fairs, and community solicitation. Groups did not significantly differ in gender [χ 2 (1, N = 44) = 0.86, p = 0.35] or education [t(42) = 0.29, p = 0.77]. Group characteristics may be seen in Table 1 . An additional young adult was excluded due to terminating the experiment early. An additional four older adults were excluded as well: one due to terminating the experiment early, one due to metallic hair dye that caused drop out in the MRI signal, one due to claustrophobia, and one due to excessive motion artifacts during scanning. All included participants were right-handed, native English speakers, with normal or corrected-to-normal vision (using MRI-compatible glasses when necessary). No participants reported a history of psychiatric or neurological disorders, uncontrolled vascular disease, psychoactive drug use, or use of CNS-active medication. Georgia Tech students were compensated with one credit per hour for their time. All other participants were compensated with $10 per hour of their time, as well as an additional $5 to cover travel expenses. All participants signed consent forms approved by the Georgia Institute of Technology Institutional Review Board.
Neuropsychological assessment
All participants were administered a battery of standardized neuropsychological tests upon completion of the experiment. Tests specifically assessed memory ability and executive functioning to ensure no gross differences in performance due to cognitive impairment such as dementia in the older group. The battery included subtests from the Memory Assessment Scale battery (Williams, 1991) : digit span forward and backward, list learning, recognition, recall and delayed recall, object recognition, recall, reproduction, and delayed recognition. Additionally, the Trail making tests, A and B (Hedden and Gabrieli, 2005) , as well as the Controlled Oral Word Association Test ("FAS") (Benton et al., 1983) , were included. All participants were within the normal range for their age group.
Materials
Three hundred and sixty color photographs of nameable objects taken from Hemera Technologies Photo-Objects DVDs, or from the Internet via Google search, were used. All objects appeared on a white background. There was no overlap of multiple images depicting the same object. In addition, eight pictures of young adult faces (4 male, 4 female) and 8 pictures of scenes (4 indoor, 4 outdoor) were used as associates for the experiment. The faces were taken from the Max Planck Institute's FACES database (Ebner et al., 2010) and the scenes were taken from the SUN database (Xiao et al., 2010) .
Procedure
The study was divided into two phases: Encoding and Retrieval. A practice session for each phase was administered before the beginning of the experiment to familiarize the participants with the tasks and to ensure they could sufficiently perform the memory task before entering the scanner. Only the Retrieval phase of the study was scanned. Stimuli were counterbalanced across participants, such that each object appeared in different conditions across participants. There were 240 objects studied during Encoding, as well as an additional 120 new objects seen at Retrieval.
The Encoding phase was divided into 5 blocks, which were administered outside of the scanner. Each block consisted of 240 trials, displaying all of the to-be-studied objects. For each trial, participants were shown an object on the left and either a face or a scene on the right for 3000 ms (Fig.  1 ). Participants were asked to imagine the images together and to rate how easy or hard it was to do this. For example, when participants were shown an object with a face, they were instructed to imagine that person interacting with that object. Likewise, when they were shown an object with a scene, they were instructed to imagine that object in that location. This incidental orienting task was meant to facilitate encoding of both the images in the pair and to reduce age-related differences in self-initiated processing at encoding (Naveh-Benjamin et al., 2007) . There were three options: 1 = Easy, 2 = Medium, 3 = Hard. Each trial was followed by a fixation cross for 500 ms. Participants placed their right index finger on 1, their right middle finger on 2, and their right ring finger on 3. Objects were presented in a random order within each block. As each block was about 14 min, we also provided a 30 s break halfway through each block to prevent fatigue. The total time for the Encoding phase was about an hour and 15 min.
During Encoding, objects were divided evenly across the High and Low Interference conditions (120 objects per condition). For the Low Interference condition, each object was paired four times with one associate (e.g. a face) and once with an associate of the opposite type (e.g. a scene). Critically, the final time the object was viewed, it was shown with the most frequently paired associate (in this example, a face). For example, a picture of a banana may be paired first with a female face, then with a picture of an office, and then with the female face for the last 3 blocks. Thus, during Retrieval, there may be some interference between the female face and the office, but the more highly associated image would also be the critical (i.e. most recent) associate. For the High Interference condition, each object was paired three times with one associate (e.g. a scene) for the first three blocks, and then paired with the other associate (e.g. a face) in the final two blocks.
1 For example, a wagon may be paired with a forest for the first three blocks, but paired with a male face for the final two blocks. Thus, at Retrieval, there would be a strong association between the object and the irrelevant image (forest), creating a high level of interference. After the Encoding phase, participants entered the scanner to start the Retrieval phase. The structural scan (see fMRI analysis section) was taken after the Retrieval phase to minimize delay between Encoding and Retrieval. Retrieval was divided into four blocks, consisting of 90 trials each (60 old items, 30 new items), for a total of 360 trials (Fig. 2) . The inclusion of new items allowed us to look for age-related old-new effects that may inform our data, as well as item recognition accuracy. Further, activity for correct rejections ("new" responses to unstudied items) may serve as a baseline condition relative to the other conditions of interest (as done in Duarte et al., 2010 Duarte et al., , 2008 . That is, there should be little to no evidence of processing such as post-retrieval selection or monitoring during a correct rejection trial. On each trial, participants were shown an object in the center of the screen, which remained there across the entire trial, until the final fixation cross. Participants were first asked to determine if the object was Old (button 1) or New (button 2). This prompt was on the screen for 2000 ms. Then the question, "Which image was paired with this object most recently?" appeared for 1000 ms. Participants were instructed that they could still respond to the old-new question during this time. Then a face and a scene appeared below the object for 3000 ms. The image on the left corresponded to button 1 and the image on the right corresponded to button 2. For half the participants, the face was shown on the left and the scene on the right; for the other half this was reversed. The two images were always the critical stimulus and the lure for old objects. Participants were still shown this question even if they said the object was new. For novel objects, participants were instructed to simply look at images and press either button. At the end of the trial, the object was removed and there was a 500 ms fixation cross, indicating the next trial was about to begin. Objects were presented in pseudorandom order within each block so that no more than 5 trials of the same condition (i.e. high interference, low interference, new item) were presented sequentially. Each block lasted about 10 min, for a total of 40 min. For all behavioral analyses, significant interactions at an alpha (α) level of 0.05 were followed up with subsidiary ANOVAs and t-tests to determine the source of the effects. Where appropriate, reported p-values were corrected using Huynh-Feldt corrections.
fMRI acquisition
Scanning was performed on a 3-T Siemens TIM Trio system. Functional data were acquired using a gradient echo pulse sequence (37 transverse slices oriented along the anterior-posterior commissural axis with a 30 degree upward tilt to avoid the eyes, repetition time of 2 s, echo time of 30 ms, 3 × 3 × 3.5 mm voxels, 0.8-mm interslice gap). Four Retrieval blocks of 303 volumes were acquired. The first 5 volumes of each block were discarded to allow for equilibration effects. A high-resolution T1-weighted magnetization-prepared rapid acquisition gradient echo (MPRAGE) image was collected for normalization (see fMRI analysis section).
fMRI analysis
Data were analyzed with SPM8 (http://www.fil.ion.ucl.ac.uk/spm/ software/spm8/). Images were corrected for differences in slice timing acquisition using the middle slice of each volume as the reference, spatially realigned, and resliced with respect to the first volume of the first block. Each participant's MPRAGE scan was coregistered to the mean echo planar imaging (EPI), produced from spatial realignment. Each coregistered structural scan was then segmented using the Diffeomorphic Anatomical Registration Through Exponentiated Lie algebra (DARTEL) SPM 8 toolbox (Ashburner, 2007) . DARTEL is a suite of tools fully integrated with SPM 8, which the SPM 8 manual recommends over optimized normalization, to achieve sharper nonlinear registration, for intersubject alignment. This method also achieves better localization of fMRI activations in Montreal Neurological Institute [MNI] space. This method has been used successfully in several previous studies with various healthy and neurological populations (Pereira et al., 2010; Yassa and Stark, 2009) . Briefly, the gray and white matter segmented images were used to create a study-specific template using the DARTEL toolbox and the flow fields containing the deformation parameters to this template for each subject were used to normalize each participant's realigned and resliced EPIs to MNI space. Normalized EPI images were written to 2 × 2 × 2 mm and smoothed with an 8 mm full-width at half-maximum isotropic Gaussian kernel. The EPI data were then high-pass filtered to a minimum of 1/128 Hz and grand mean scaled to 100.
Statistical analysis was performed in 2 stages. While there were two response prompts, activity was only modeled to the onset of the first prompt (old-new), as participants were aware of the second prompt and may have been anticipating their associative memory responses. In order to capture both the old-new effects, as well as the associative memory effects, neural activity was modeled as a series of 4-s epochs for the various event types and convolved with a canonical hemodynamic response function. 2 We have previously demonstrated (Dulas and Duarte, 2014 ) that this method shows both old-new (i.e. item memory) and associative memory effects that are consistent with those reported in studies that have analyzed these effects separately using the separate trial approach (Dobbins et al., 2002; Hayes et al., 2011) . We reasoned that the duration of the peak BOLD response for post-retrieval effects supporting associative memory would be sustained relative to, for example, item recognition effects. Importantly, different contrasts were used to separate item recognition from associative memory. Consistent with previous studies Duarte, 2012, 2014; Morcom et al., 2007) the contrast between item hits and correctly rejected new items was used to index item recognition. By comparison, the contrast between associative correct and associative incorrect trials was used to index associative memory accuracy. Thus, we capture both old-new effects and associative memory effects during the same epoch via distinct contrasts. The time courses were then down-sampled to the middle slice to form the covariates for the general linear model. For each participant and block, 6 covariates representing residual movement-related artifacts, determined by the spatial realignment step, were included in the first-level model to capture residual (linear) movement artifacts. Voxel-wise parameter estimates for these covariates were obtained by restricted maximum-likelihood estimation, using a temporal high-pass filter (cutoff 128 s) to remove low-frequency drifts and modeling temporal autocorrelation across scans with an AR(1) process.
Contrasts of the parameter estimates for each participant were submitted to the second stage of analysis (treating participants as a random effect). A mixed-ANOVA model was created for the test period that allowed us to examine both within-group effects and group interactions. The 4 × 2 model included factors of Condition (High Interference Associative Correct, High Interference Associative Incorrect, Low Interference Associative Correct, and Correct Rejections) and Group (young, old). This ANOVA model allowed us to not only assess interference effects (i.e. High Interference Associative Correct N Low Interference Associative Correct N Correct Rejections) using directional t-test comparisons, but also determine whether regions sensitive to interference were also sensitive to accuracy (i.e. High Interference Associative Correct N High Interference Associative Incorrect). Importantly, this approach also allows parameter estimates for all conditions to be plotted for the same region, as shown in several figures. There were insufficient numbers of "New" responses to studied (misses), "Old" responses to unstudied (false alarms) objects, and Associative Incorrect responses to Low Interference trials for all participants to examine separately; thus these were also not included in the ANOVA. It should also be noted that there were also insufficient numbers of trials for the above categories to analyze face and scene associations separately, thus these were collapsed. Given that we had no a priori predictions about associative memory encoding relative to baseline, we purposefully did not include a "baseline" condition (e.g. fixation trials). Importantly, the inclusion of null event/fixation trials to measure inter-stimulus "baseline" is not necessary in fMRI designs if the contrast of interest is between task conditions (Henson, 2007) .
Covariates modeling the mean across conditions for each participant were also added to each model, to remove between-subject variance of no interest. A weighted least squares estimation procedure was used to correct for inhomogeneity of covariance across within-group conditions and inhomogeneity of variance across groups.
The SPMs for main effect effects across groups were masked exclusively with the SPMs for all relevant interactions, using a liberal uncorrected threshold of p b 0.05 for the masks in order to restrict memory effects to those "common" (i.e. similar size) across conditions and groups. This ensures that supposed "common" effects do not in fact represent regions in which groups or conditions actually interact. To correct for multiple comparisons, all results were thresholded at p b 0.001 with a cluster extent of 17, which yielded whole-brain results corrected for multiple comparisons at p b 0.05. We derived this threshold via Monte Carlo simulations to correct for Type I and Type II errors (Slotnick et al., 2003) . Further, all effects were confirmed via inclusive masking (p b 0.01) with each side of the effect (i.e. young and older adult effects) in order to elucidate the source of interactions in a given contrast (e.g. Young N Old: High N Low Interference), allowing us to determine whether an effect was driven by a group crossover, or whether an effect was in fact larger in one group than another, as well as to ensure that main effects across groups were reliable for each group. Maxima of significant clusters were localized on individual normalized structural images. Neural activity from these maxima was plotted for Associative Correct, Associative Incorrect, and Correct Rejection responses. Neural activity reflected the parameter estimates for the convolved regressors and had arbitrary units.
Results
Neuropsychological assessment results
Group characteristics and results for neuropsychological tests are shown in Table 1 . All participants scored within one standard deviation of age-adjusted normative averages for all neuropsychological tests. Older adults exhibited significantly poorer performance than young adults on several tests including Trails A & B, Visual Recognition, Delayed Visual Recognition, and Visual Reproduction [t(42) 
Behavioral results
Mean proportions for correct and incorrect associative memory judgments, incorrect "new" judgments to studied items (misses), and correct "new" judgments to novel items (correct rejections) are shown in Table 2 . Item recognition accuracy was estimated by the Pr measure of discriminability (Snodgrass and Corwin, 1988) , i.e. p(hits) -p(false alarms) for High and Low interference conditions, where "hits" include both associative correct and associative incorrect responses. Associative memory accuracy was estimated using the proportion of hits associated with correct associative memory decisions, excluding misses (i.e. incorrect "new" judgments to old items), where 0.5 is the level of chance (e.g. Morcom et al., 2007; Swick et al., 2006 ).
An ANOVA of item recognition accuracy, with factors of Interference (High, Low) and Age (Young, Old) revealed a marginal effect of Age [F(1,42) = 3.63, p = 0.06], but no other significant effects [Fs b 2.24, ps N 0.14]. Thus, interference had no effect on item memory. Further older adults only showed modest declines in item recognition accuracy.
A similar ANOVA for associative memory accuracy revealed a significant main effect of Interference [F(1,42) = 225.72, p b 0.001] and a marginally significant effect of Age [F(1,42) = 3.90, p = 0.06]. However, the interaction between Age and Interference was not reliable [F(1,42) = 0.36, p = 0.55]. Thus, while older adults did perform more poorly overall, and interference did greatly affect associative memory accuracy, older adults were not significantly more impaired for the High, compared to Low, Interference condition.
We also conducted analyses of response times (RTs) to the associative memory prompt. The response times for correct and incorrect associative memory responses to High and Low interference trials are shown in Table 2 . We conducted an ANOVA with factors of Interference 
fMRI results
In line with previous studies Duarte, 2012, 2014; Duverne et al., 2008; Morcom et al., 2007) , we first compared Associative Correct (ACs) responses and Correct Rejections (CRs). However, while contrasts comparing AC and CR responses are robust, they may represent both associative and item memory effects. Thus, in addition, we examined associative memory specific effects (Associative Correct vs. Associative Incorrect responses) as we have done previously Duarte, 2012, 2014 ).
Old-new effects across interference
The contrast of AC N CR across conditions and groups showed the typical pattern of recognition memory activity in bilateral PFC, lateral and medial parietal cortex. These data are not presented.
Young adults showed greater old-new effects than older adults in the right middle frontal gyrus, right orbitofrontal gyrus, and right parietal cortex. Older adults showed greater activity than the young in the bilateral aspects of the middle frontal gyrus (posterior relative to the middle frontal region showing greater activation in the young), left superior parietal cortex, as well as bilateral middle occipital cortex. These regions are shown in Table 3 .
Interference effects
Several regions showed greater effects for High Interference compared to Low Interference trials (Table 4) . These regions included, most notably, the left parahippocampal cortex, the left superior parietal cortex, and the left mid-VLPFC (Fig. 3) . No regions showed evidence of greater effects for Low Interference compared to High Interference trials across groups. No regions showed significant interactions between age and interference level.
Effects of interference on associative memory accuracy
Associative accuracy effects (AC N AI) were only analyzed for High Interference trials, as most participants did not have enough Low Interference Incorrect trials to analyze. These results are shown in Table 5 . Across groups, Associative Correct trials showed greater activity than Associative Incorrect trials in several regions, most notably the left hippocampus (Fig. 4) .
There were many regions showing greater associative memory accuracy effects for the young than the old, most notably left DLPFC (BA 9) and the anterior PFC (BA 10) (Fig. 5) . No regions showed greater associative memory accuracy effects for the old than young.
The left mid-VLPFC was sensitive to interference but not to associative memory accuracy (Fig. 6 ). Given our particular interest in determining whether the left mid-VLPFC also supported associative memory accuracy under conditions of high interference, we reanalyzed these contrasts at a reduced threshold (p b 0.005). However, even at a reduced threshold, there was no evidence of accuracy effects in the left VLPFC. Interestingly, while there was no difference between High Interference Associative Correct and Incorrect trials in this region, both were significantly greater Rejection trials for both groups. There was no true baseline for this study (i.e. fixation trials), thus the zero line of the x-axis cannot be interpreted as a baseline. Therefore, any "activations" or "deactivations" relative to the zero line are more apparent than real. Only the contrasts between conditions are interpretable. Error bars depict standard error of the mean across participants for each group [p b 0.001, uncorrected, with a 17 voxel extent; exclusive masking conducted as described in fMRI analysis section].
than Low Interference Associative Correct trials, as revealed by inclusive masking (p b 0.01). It should be noted that, given that our accuracy and interference contrasts both included high interference correct trials, these contrasts are not fully independent. However, the contrasts demonstrated striking dissociations in their patterns of activity as well as a dissociation with respect to age-group differences. Interestingly, correlational analyses showed a marginal correlation between the hippocampal effects observed across groups and high interference associative memory accuracy in the young [r = 0.37, p = 0.09], but not the old [r = −0.24, p = 0.27]. That said, none of the PFC regions showing accuracy or interference effects were correlated with associative memory accuracy, or behavioral interference effects (rs b 0.23, ps N 0.13). However, note that a null correlation between brain and behavior is a weak platform from which to draw conclusions about regions not contributing to behavior. It should be noted that our failure to find additional correlations between our imaging and behavioral results may be due to relatively low variance in associative memory performance, particularly in older adults.
Discussion
The present study investigated the effects of aging on overcoming proactive interference in associative memory. We were particularly interested in assessing the effects of aging on different PFC operations Baseline, thresholds, and standard errors as in Fig. 3 . thought to be involved in detecting and overcoming proactive interference. As predicted, associative memory accuracy was poorer for high compared to low interference trials across groups. However, agerelated memory deficits were relatively small (only marginally significant), and there was no interaction between age and interference. Imaging result showed that, across groups, increasing levels of interference (High N Low N CR) resulted in increased recruitment of the left mid-VLPFC. However, the left mid-VLPFC did not dissociate correct from incorrect associative memory responses. Older adults showed reductions in associative memory accuracy effects in the left DLPFC and anterior PFC. These results and their implications are discussed below.
Behavioral results
As has been demonstrated previously (Jacoby et al., 2005; Jacoby et al., 2010; Nee et al., 2007; Yonelinas and Jacoby, 2012) , associative memory accuracy was poorer for high levels of proactive interference compared to low. This was true for both young and older adults. Thus, when interference from a to-be-ignored association is high, the ability to correctly remember, or select, the weaker but goal-relevant association is reduced. Interestingly, there was only a marginal main effect of age across both item and associative memory, with no interaction between age and interference level.
The finding that age-related associative memory deficits in the present study were relatively small stands in contrast to previous work from our lab (Duarte et al., 2008; , 2012 , as well as others (e.g. Chalfonte and Johnson, 1996; Glisky et al., 2001 ; see Mitchell and Johnson, 2009 for review; Naveh-Benjamin, 2000; Naveh-Benjamin et al., 2007) that suggests associative memory is disproportionately impaired with age. The lack of an interaction between age and interference level also stands in contrast to previous work suggesting older adults show greater susceptibility to mnemonic interference (Bowles and Salthouse, 2003; May et al., 1999) . One possible reason for these discrepant findings could be that we provided participants with an integrative encoding task, wherein they had to imagine the images interacting, and rate how easy or hard it was to do so. Previous evidence has suggested that providing effective encoding strategies may reduce age-related associative memory deficits, given that older adults may simply fail to self-initiate such strategies (Glisky and Kong, 2008; Glisky et al., 2001; Hay and Jacoby, 1999; Naveh-Benjamin et al., 2007) . That said, marginal agerelated differences did persist, falling in line with evidence that environmental support at encoding is insufficient to fully overcome age-related associative memory deficits Duarte, 2013, 2014; Naveh-Benjamin et al., 2007) . Previous behavioral evidence has shown that age-related associative memory deficits are only fully ameliorated when support is provided at both encoding and retrieval (NavehBenjamin et al., 2007) . Future work, in which both encoding and retrieval are supported, may be able to determine whether age-related declines in overcoming proactive interference are due to binding deficits (Naveh-Benjamin, 2000; Old and Naveh-Benjamin, 2008), or simply a failure to engage in effective retrieval strategies.
Lastly, response time data revealed an interesting interaction between accuracy and interference. While older adults were slower overall, both groups showed faster correct responses to low, compared to high interference conditions, but the reverse for incorrect responses (i.e. high faster than low). This is in line with studies of proactive interference in working memory, which have shown slower correct response times for high compared to low interference trials (see Jonides and Nee, 2006 for review). As suggested previously, strategic retrieval processes, like post-retrieval monitoring, are engaged when participants are close to their decision criterion. When interference is low, participants are likely closer to their decision criterion for incorrect than correct trials, in line with previous associative memory studies (Achim and Lepage, 2005; Duarte, 2012, 2014; Henson et al., 1999a) . However, under conditions of high interference, correct trials likely reflect instances in which participants retrieve both associates, and must engage strategic operations to overcome the interfering lure. These results are also in line with our accuracy data, which similarly failed to show an interaction between interference and age, suggesting older adults were not disproportionately affected by interference in this study.
Imaging results
Executive control contributions to interference resolution: similarities across age Both young and older adults exhibited a network of PFC regions that showed greater activity with increasing proactive inference, including the anterior cingulate, left dorsal premotor cortex, and, most notably, the left mid-ventrolateral prefrontal cortex. Previous research has suggested that the left mid-VLPFC, extending into the inferior frontal sulcus (Barredo et al., 2013) , may be involved in post-retrieval selection (Badre et al., 2005; Badre and Wagner, 2007; Barredo et al., 2013; Dobbins et al., 2003) . This process is said to be engaged when multiple competing representations are simultaneously active in memory and a goalappropriate representation must be chosen, such as in a proactive interference task (Badre and Wagner, 2007) . This work has differentiated the selection process attributed to the left mid-VLPFC (BA 44/45) from the anterior VLPFC (BA 47), which is thought to be involved in controlled retrieval processes engaged when association strength is low (Badre et al., 2005; Badre and Wagner, 2007) . We contend that the left VLPFC region implicated in the present study, which similarly extends into the inferior frontal sulcus, is more spatially aligned with the mid-VLPFC area associated with post-retrieval selection than the anterior VLPFC. Indeed, the peak voxel of the left mid-VLPFC reported in the present study [−50, 24, 31] is extremely close to the peak mid-VLPFC voxel previously reported to respond to selection demands across multiple tasks [−51, 15, 33] , which was also seen in BA 44/45, extending into the inferior frontal sulcus (Badre et al., 2005; Barredo et al., 2013) . 4 It should be noted that this region shows activity across many tasks requiring resolution of interference (Atkins and Reuter-Lorenz, 2011; Blumenfeld and Ranganath, 2007; Jonides and Nee, 2006; Thompson-Schill et al., 2005) and is likely not memory-specific (Badre et al., 2005; Badre and Wagner, 2007) . While it is the case that target association strength likely differs between high and low interference trials, given that target associations were paired twice as often for low than high interference trials, the VLPFC area tracking interference is more caudal than that implicated in controlled retrieval (Badre and D'Esposito, 2007; Badre et al., 2005; Badre and Wagner, 2007; Barredo et al., 2013) . Indeed the anterior VLPFC was not implicated in retrieval in the current study.
While the left mid-VLPFC has been repeatedly implicated in the successful resolution of proactive interference (see Badre and Wagner, 2007 for review) , few studies have investigated whether this process contributes directly to successful memory retrieval. In the present study, the left mid-VLPFC showed no difference between correct versus incorrect associative memory responses for high interference trials, and both correct and incorrect responses showed significantly greater activity than low interference associative correct responses. This finding is in line with previous studies from the working memory domain (Atkins and Reuter-Lorenz, 2011; Oztekin et al., 2009) , which suggest this region simply acts to index the level of interference, but does not contribute directly to resolution in service of accurate memory retrieval. It should be noted, however, that both lesion (Thompson-Schill et al., 2002) and TMS (Feredoes et al., 2011) studies have shown that disruption to the left VLPFC results in increased susceptibility to interference. Thus, it is likely that the role that the mid-VLPFC plays in indexing interference is ultimately necessary for retrieval success. However, its role may be less direct than that of some other PFC regions that contribute to resolution of competition between retrieved memory representations in support of associative memory accuracy. In the present study, the left mid-VLPFC showed a similar sensitivity to interference as the anterior cingulate, a region thought to be involved in indexing the amount of interference/conflict present across multiple tasks/domains (Bunge et al., 2004; Kim et al., 2012; Ochsner et al., 2009; van Veen and Carter, 2002) . Thus, these regions may serve similar roles in indexing interference, though potentially across different domains (Nelson et al., 2003) . That said, our contrasts used to define interference and accuracy effects were not fully independent; however, these contrasts showed a qualitative dissociation between regions, as well as differences with respect to age group differences. Still, a definitive dissociation between regions showing interference and accuracy sensitivity requires further investigation.
Executive control contributions to interference resolution: differences across age
Compared to the young, older adults showed reduced associative memory accuracy effects under conditions of high interference in several regions, including the precentral gyrus, the DLPFC, and the anterior PFC. This was true despite only marginal impairments in associative memory accuracy. However, the age-related under-recruitment of the DLPFC is consistent with previous results from a temporal order retrieval study, potentially suggesting that dysfunction in this region may underlie many kinds of associative memory impairments in the old (Rajah et al., 2010) . Several studies have suggested that the DLPFC and anterior PFC support post-retrieval monitoring processes (Achim and Lepage, 2005; Atkins and Reuter-Lorenz, 2011; Fandakova et al., 2013; Fletcher and Henson, 2001; Henson et al., 2000 Henson et al., , 1999b Turner et al., 2008) . Postretrieval monitoring involves the maintenance, manipulation, and evaluation of retrieved memory representations, particularly when a participant is at or near his/her decision criterion (Henson et al., 2000) . In the present study, participants were likely closer to their decision criterion on correct trials for the High Interference condition, as incorrect associative memory responses may reflect trials wherein the lure was so salient that it was immediately selected without additional processing of temporal context. These findings also fit with a decisionmaking account of DLPFC activity, which suggests the DLPFC is sensitive to the number of internal decisions that need to be made (Dobbins and Han, 2006; Han et al., 2009 ). On correct trials, young adults may engage in the evaluation of both associates in order to successfully select the goal-relevant one, determining if they were both previously encountered, which one was encountered more recently, and how confident they are in their decision. Interestingly, emerging evidence has suggested a possible hierarchical organization to the prefrontal cortex (Badre and D'Esposito, 2009; Christoff et al., 2009; Domenech and Koechlin, 2015) , wherein more dorsal and anterior subregions, particularly left lateralized (Bunge et al., 2009) , of the PFC are recruited as demands on relational integration increase (i.e. relations of relations vs. item-item relations). Although we did not tax demands on relational integration in our task directly, the successful resolution of interference may have required processing of multiple levels of associations. Regardless, older adults may be less likely to engage in these additional executive processes. That said, despite the under-recruitment of the DLPFC and anterior PFC, older adults showed only marginal associative memory declines, which were not affected by interference. Thus, while these PFC regions are likely involved in resolving interference, as evidenced by the pattern of activity in the young, the lack of a major group difference in performance suggests these regions are not the sole, or perhaps primary, contributor to successful interference resolution. Future work TMS and/or lesion studies may be better able to determine the necessity of these PFC regions in associative memory accuracy and overcoming proactive interference.
While not an initial focus of this study, previous studies have shown increased activity in the precentral gyrus related to response conflict/interference, as opposed to conceptual interference (see Badre and D'Esposito, 2007 for review; Hazeltine et al., 2003; Ullsperger and von Cramon, 2001) . It is possible that increased conflict at a conceptual level, i.e. proactive interference, also results in increased response conflict. However, future work investigating age-related changes on the differential roles of the precentral and lateral prefrontal regions in overcoming various types of interference, i.e. response vs. conceptual level, may further address these questions.
Interestingly, we found no regions in which older adults showed greater associative memory or interference effects compared to the young. Some previous evidence has suggested older adults may show increased activity, particularly in the PFC, compared to young adults and that this over-recruitment supports performance (Cabeza et al., 2002; Davis et al., 2008; Grady et al., 2005; McDonough et al., 2012; Rajah and D'Esposito, 2005) . However, there is emerging evidence suggesting that when large group differences in performance are controlled or minimal, there is little evidence of over-recruitment of PFC activity related to associative memory accuracy (Cansino et al., 2012; Dulas and Duarte, 2012) . Given that the age differences in associative memory performance in the present study were relatively small, our results add to the assertion that persevered memory performance in aging does not necessitate prefrontal compensation (Duverne et al., 2009; Duzel et al., 2011) . It should be noted that older adults showed increased old-new effects compared to young adults across interference levels in several regions. However, none of these regions showed significant correlations with memory performance, although this is a null finding. Nonetheless, the over-recruitment observed in older adults, particularly given that it was found in regions adjacent to those showing old-new effects across groups, is most consistent with an age-related decrease in neural efficiency (Grady, 2012; Logan et al., 2002; Morcom et al., 2007; Rypma et al., 2007) .
Taken together, our results point toward the need for a more nuanced perspective of the neurocognitive model of aging than the frontal aging hypothesis (Raz et al., 1997; West, 1996) . The present study adds to growing evidence Duarte, 2013, 2014; Leshikar et al., 2010; Li et al., 2004; MacPherson et al., 2002; Rugg and Morcom, 2005) that older adults can recruit at least some PFC processes, particularly those mediated by the VLPFC (Dulas and Duarte, 2014; Leshikar et al., 2010; Logan et al., 2002; Rypma and D'Esposito, 2000) , to a similar extent as the young, even in the presence of dysfunction in DLPFC (Rypma and D'Esposito, 2000) and anterior PFC (Dulas and Duarte, 2014; Fandakova et al., 2013) .
The finding that older adults showed similar recruitment of the left VLPFC as the young stands in contrast to previous evidence that older adults show dysfunction in this region (Addis et al., 2014; Jonides et al., 2000) . For example, recent evidence from item-relatedness research has shown similar results to our own in young adults, wherein the left VLPFC showed greater activity for related vs. unrelated item lures, but did not distinguish correct from incorrect responses to related lures, while older adults, who performed significantly more poorly on the task, did show accuracy effects (correct N incorrect to related lures) in this left VLPFC region (Bowman and Dennis, 2015) . However, in the present study, age-related associative memory accuracy differences were relatively small, suggesting differences in VLPFC recruitment may in fact reflect differences in performance, rather than the effects of healthy aging (Rugg and Morcom, 2005) . As mentioned previously (Behavioral results section), behavioral evidence suggests that older adults may be less likely to self-initiate effective strategic control operations (Luo and Craik, 2008; Naveh-Benjamin et al., 2007) . Previous evidence, however, suggests that providing environmental support, similar to our encoding task, may attenuate age-related PFC underrecruitment (Logan et al., 2002) . Further, the present finding falls in line with previous evidence from our own lab demonstrating that young and older adults showed similar VLPFC effects at retrieval following encoding support (Dulas and Duarte, 2014) . What is unclear, however, is whether the age-related alterations in DLPFC and anterior PFC functioning are intractable, or simply represent a failure by older adults to spontaneously engage in the "high-order" processes supported by these regions (Badre and D'Esposito, 2007, 2009) . Accumulating evidence shows that only by providing environmental support at both encoding and retrieval do older adults perform similarly to the young (Naveh-Benjamin et al., 2007) . Thus, it is possible that manipulations encouraging high-order processing during the retrieval phase may cue older adults to initiate these processes in a similar manner to the young. However, it is also possible that the dorsolateral and anterior PFCs are simply more susceptible to age-related dysfunction than the VLPFC. Future work investigating the role of retrieval support in overcoming proactive interference may be better able to address whether these changes are truly intractable, or simply reflect a failure to initiate more complex retrieval strategies.
Contributions of core episodic memory regions to interference resolution: no age differences
The left superior parietal cortex and the parahippocampal cortex showed increased activity with higher levels of interference, while the hippocampus was sensitive to associative memory accuracy and showed a marginal correlation with associative memory performance in young adults. The superior parietal cortex has been suggested to index topdown attention to memory (Cabeza, 2008; Ciaramelli et al., 2008; Vilberg and Rugg, 2008) , often in situations when participants have more difficult memory decisions (Burianova et al., 2012; Ciaramelli et al., 2008) . These results may suggest that, under conditions of high interference, participants may have more difficulty determining the correct associate and therefore must apply more attention toward the products of retrieval in order to resolve the presence of conflicting information. However, given that this region was not sensitive to associative memory accuracy, the present results suggest top-down attention alone is insufficient to mitigate this competition and successfully resolve interference.
It has been well established that the hippocampus is involved in successful associative memory retrieval (Diana et al., 2007 (Diana et al., , 2009 Eichenbaum et al., 2007; Staresina et al., 2012; Yonelinas et al., 2005) . Previous evidence also suggests that the medial temporal lobe may also be critical for overcoming interference in memory (Fandakova et al., 2013; Oztekin et al., 2009) . Our finding that the hippocampus dissociated correct from incorrect associative memory responses under conditions of high interference suggests that the successful resolution of interference requires retrieval of tightly bound memory representations. That is, participants likely need to retrieve multiple pieces of contextual information, for example both whether associates were paired with the object, as well when they were seen, to correctly determine which associate was the most recent under conditions of high interference. The lack of group differences in this region stands in contrast to previous evidence showing age-related dysfunction in the hippocampus, be it under-recruitment (Daselaar et al., 2006; Dennis et al., 2008; Dulas and Duarte, 2014; Grady et al., 2005) or over-recruitment (Cabeza et al., 2002) . Given that older adults showed only a marginal decline is associative memory performance in our study, these results support the idea that age-related differences in hippocampal function may simply be a product of performance, rather than an effect of healthy aging, per se (see Rugg and Morcom, 2005 for review) .
A remaining question that the present study is unable to address is whether age-related declines in overcoming interference are related, at least in part, to differences in encoding. Previous evidence from young adults using a similar encoding task showed increased activity in left VLPFC across encoding repetitions of previously seen stimuli, possibility reflecting interference processing during study (Zeithamova and Preston, 2010) . Studies looking at both encoding and retrieval have also shown that VLPFC activity during encoding may reduce perceptual reactivation of distractors during retrieval (Kuhl et al., 2012) . It is important to note that neural correlates of associative memory encoding depend on the manner in which memory is assessed during retrieval and retrieval activity depends on how associations are encoded (see Rugg et al., 2008 for review). Thus, it is possible that differences in PFCmediated processing at encoding may additionally contribute to agerelated memory deficits and/or the observed differences in retrieval activity. Future studies investigating both encoding and retrieval in the face of interference may allow us to better understand age-related declines in overcoming interference.
Conclusions
The present study provides the first evidence that age-related associative memory impairments under conditions of high proactive interference are likely related to reduced engagement of DLPFC and anterior PFC-mediated post-retrieval monitoring and relational processes, respectively, but not reduced engagement of "lower-order" processes supported by the VLPFC. Collectively, these results suggest that the frontal lobe hypothesis likely oversimplifies the relationship between aging and the PFC (Kievit et al., 2014) . Our results further suggest that the left mid-VLPFC may not serve a direct role in the selection of goal-relevant memory representations. Future work employing effective connectivity analyses may further answer exactly how these regions interact to resolve interference. Lastly, future studies that attempt to support resolution of interference during retrieval may be able to determine if the age-related alterations in the recruitment of strategic retrieval processes are intractable, or simply represent a failure to self-initiate these processes.
by the National Science Foundation under Grant Number BCS-1125683 awarded to Audrey Duarte, as well as an APA Dissertation Award awarded to Michael Robert Dulas.
